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Challenges and Strategies for Increasing Adoption of Renewable Energy in the MENA
Region

By
Yazeed Abdullah Ghanem Zureikat
Submitted to the System Design and Management Program on February 1, 2019 in Partial
Fulfillment of the Requirements for the Degree of Master of Science of Engineering and
Management

ABSTRACT
Power demand is experiencing strong growth in the MENA region, while local fuel
resources are depleting. Traditional sources of power no longer meet the demands of an
environmentally sensitive future. Meeting the rapidly growing domestic energy demand,
particularly for electricity and desalination, is a real challenge facing all MENA countries.
Renewable energy will play a key role in the MENA region's sustainable energy transition,
and should be viewed as an integrated solution for water and energy.
This thesis presents an overview of the challenges associated with adopting renewable
energy on a large scale, and proposing potential solutions that are most suited for the needs
of the MENA region. The main challenge being evaluated in this work is the concept of
curtailed energy risk as a result of the intermittency associated with the adoption of
renewable energy. Storage technologies, such as pumped hydro and battery storage, are the
most common solution for this challenge. However, this report proposes the use of
desalination to solve both curtailment and the critical need for water in the region, while
also reducing the negative effects of economic uncertainty associated with battery storage
adoption. A Strategy was proposed for adopting large scale battery energy storage within
uncertainty.
This research used two methodologies for the analysis. System causal loop modeling,
which was used to understand the complex behavior when utilizing curtailed energy for
desalination and storage, and excel modelling using a probabilistic cost-benefit analysis
that was employed to apply flexibility to the adoption of battery storage capacity, and
increasing the expected net present value.
Thesis Supervisor: Michael W. Golay
Title: Professor of Nuclear Science and Engineering
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CHAPTER 1 - INTRODUCTION AND MOTIVATION

The Middle East and North Africa (MENA) region is currently facing a serious challenge
supplying their growing economies with secure, affordable and clean electricity and water.
The energy sector is experiencing a deep transformation; energy demand continues to
increase sharply, which necessitates an expansion in the energy resources.
When planning this expansion, the effects of climate change, land use change and
desertification must be taken into account. The MENA region has an excellent potential of
Renewable Energy (RE) resources, specifically solar PV and wind energy, which could
become the main sources of energy if effectively planned.
This thesis presents an overview of the challenges associated with adopting renewable
energy on a large scale, and proposing potential solutions that are most suited for the needs
of the MENA region.
The integration of clean energy, such as wind and solar, may create instability for the power
system, due to the intermittency and off peak electricity generation of wind and solar
plants. Such challenges require storage solution such as batteries and pumped storage. This
research also sheds the light on alternate solutions to the intermittency challenges that best
fit the needs of the region, solving the water and the energy needs simultaneously.
In this thesis it's argued that the renewable energy strategy in the MENA region should be
viewed as an integrated solutions between water and energy, and that desalination should
play a major role in the successful adoption of renewable energy, while also reducing the
negative effects of uncertainty associated with battery storage price. The analysis also
defines strategies for adopting large scale battery energy storage within uncertainty.
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Thesis Overview
This thesis is organized in five chapters as defined below:
Chapter 1 - Introduction and Motivation

This chapter introduces the motivation behind this research as it relates to the MENA
region. The research questions that were tackled by this research were also presented. A
literature review was included to reflect on the research material, documentation and
methods used to complete the analysis.
Chapter 2 - Renewable Energy and Water in the MENA Region
This chapter provides an overview of the current energy and water status in the MENA
region, with focus on the current challenges and potential solutions to the adoption of
renewable energy. This chapter presents the curtailment concept as a risk associated with
the adoption of renewable energy and proposes solutions relevant to the region.
Chapter 3 - Technology Solutions

This chapter starts with analyzing the potential solutions presented in this research using
causal feedback loops. The rest of the chapter describes the different options of storage and
alternate to storage technologies available for adoption in the MENA region.
Chapter 4 - Maximizing Energy Storage Value Using Flexibility
This chapter introduces the concept of flexibility when employed to maximize the projects
net present value, and to minimize the downside risk that could be associated with a
project's life cycle.
Chapter 5 - Conclusion

This chapter provides a summary of key findings from the research and analysis, and
provides recommendations based on the result of the analysis completed. Summary of
further investigations and future work is also included.
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1.1

MOTIVIATION AND PROBLEM STATEMENT

Thesis Problem Statement - This statement is a summary of what the thesis is intended to
accomplish to deliver value. It defines the high level goal, and establishes research
boundaries.
To meet energy and water needs in the MENA region By relying mainly on renewable
energy Using desalination and storage technologies effectively
The motivation behind this work was to create a set of strategies or recommendation to
help tackle potential challenges that are associated with adopting renewable energy on a
large scale, and proposing solutions that work best for the MENA region.
The main challenge being evaluated in this work is the concept of curtailed energy, which
is a result of the intermittency associated with renewable energy. The most common
solution for this problem is using storage technologies, such as hydro and battery storage.
However, I wanted to reduce the risk associated with the uncertainty of battery storage
price, the limitations of space constraints and the need for elevations associated with
pumped hydro storage, while also trying to solve the water challenge in the MENA region.
The MENA region presently is a small market as far as energy storage is concerned. This
is an opportunity for the region to build storage capacity that best fits its needs and climate.
Hence, we are proposing the use of the much needed water solutions, such as desalination,
to use the wasted energy resulting from renewable energy intermittency.
Figure 1 below summarizes the thinking behind this thesis. The curtailment risk currently
facing the global renewable energy market is being solved by mainly adopting battery
energy storage. However, due to the uncertainties associated with demand, technology
advancement and price, a flexibility framework was created in Chapter 4 to help the
decision maker reduce risk and maximize energy storage value. The figure also shows the
alternate solution proposed for the MENA region of using water solutions as a load sink
for curtailed power to solve the water crises, and reduce risk associated with the storage
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uncertainty in renewable energy adoption. The analysis for this solution using causal
feedback loops is shown in chapters 2 and 3.
Risks in Global RE Growth

Risks in MENA region RE Growth

RE Adoption

RE Adoption in MENA

Curtailment

Curtailment

I

Water Technologies.

.

soludw"

Energy Storage

Water Desallnatho
Uncetanty

Flexibility

Water Treatment
Wate Pumping

in Design

Figure I Risks in RE Growth Global/y vs MEAA - (Author)

Research Questions
The thesis will focus on two questions to meet the overall objective of the research. The
following research questions were explored:
(1) What are the challenges and potential solutions to the adoption of renewable energy in
the MENA region?
(2) How to minimize curtailment risk and battery storage uncertainty associated with
renewable energy adoption by using desalination? And How to best build large scale
storage capacity in the presence of uncertainty?
Two of the most important challenges facing engineering systems are uncertainty and
complexity. The questions above were explored using a combination of excel modelling to
tackle uncertainty, and system dynamics to help examine complex behavior and simple
feedback interactions. The goal is to provide clear answers to those questions at the
conclusion of this thesis.
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1.2

LITERATURE REVIEW

This section contains literature review for the key concepts and ideas presented in this
research. It also includes a description of the analysis methods that were used to answer
the research questions presented earlier. The following four research sections were
identified: status of energy in the MENA region, technology solutions, system dynamics
and flexibility analysis. A summary of the relevant literature reviewed for each research
section is provided below.
Status of Energy, Water and Storage in the MENA Region
There is a renewed interest in large scale energy storage as a technological solution to the
intermittency challenge facing the growth of renewable energy, which has spurred research
in the recent years globally, especially in the MENA region, where storage has yet to be
fully adopted. Moreover, there is a movement to try and learn from countries who are
facing these challenges to try to adopt solutions early on. In order to develop the right
strategy to reduce risk associated with renewable energy adoption, it was important to
understand the energy dynamics currently affecting the MENA region. The research below
helped shed light on the current energy and storage situation in the region.
Many institutions in the MENA region have funded several studies to evaluate the market
potential for storage technologies. A series of studies have been conducted by the
International

Renewable

Energy Agency (IRENA),

National Renewable

Energy

Laboratory (NREL), World Bank and the Global Energy Network Institute, in response to
renewable energy growth around the world and in hopes to help the region move towards
a more sustainable source of energy.
Extensive research was completed by the International Renewable Energy Agency, some
of the studiesin this research include: A technology roadmap for REmap 2030, energy
storage roadmap 2030, Evaluating renewable energy potential in the Arab region and the
Pan-Arab renewable energy strategy 2030. The research was informative and included a
course of action that proposes a roadmap for different Arab countries to fill their policy
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gaps and fulfil national targets. A literature review was also undertaken by IRENA and
information collected from 22 members of the League of Arab States, which was also
complemented with stakeholder interviews that insured up to date, effective and relevant
proposed solutions.
(Menichetti, et al., 2018) Explores how the current dynamics in the energy market sector
affect the interactions between the MENA region and the global order. The paper builds
on the methodology and concept paper issued by the MENARA consortium in November
2017 (Csicsmann et al. 2017). The paper also discusses the role of critical actors that have
influenced the MENA energy landscape, and identifies main points for discussion. The
main downside of this research was the fact that it only reviewed oil rich countries for the
study and ignored most energy importer countries in the region, which should be
considered if we want to understand the overall energy dynamics in the MENA region.
(Jalilvand, 2012) Evaluated policies for a successful transition of the energy supply in the
MENA region to renewable energy. This paper also discusses, from a politico-economic
perspective, how renewable energy can be promoted in the region with focus on the
electricity sector. However, overlooking any reference to storage technologies and the
impact of storage policies on the future of renewable energy adoption.
(Climatescope, 2018) This study evaluated the mitigation of risk in renewable energy
growth in emerging markets. Curtailment risk was highlighted as one of the most important
risks facing renewable energy adoption globally. The study highlights China and India as
the countries with the highest curtailment rates in emerging markets, and argued that
curtailment risk mitigation lies with the government and off-taker, given that curtailment
ratios are significantly affected by the power demand-supply balance, penetration of
variable renewables, and the capacity and flexibility of the grid.
(Barnhart, et al., 2013) this study in the Global Climate Project, completed by Stanford
University, employed net energy analysis to compare the cost of wind and solar generation
curtailed at various rates to the cost of those generators paired with storage. The main
finding was that cost depends on the generation technology, the storage technology and the

16

rate of curtailment. In the coming years it will be beneficial to conduct a similar study
within the MENA region to understand the economics behind using curtailed power for
desalination versus other storage technologies, such as batteries or hydro storage.
Energy and Water Technology Solutions
Two major research papers about wind and solar curtailment were used in this research,
one examines curtailment in the US and the other in China, which currently has the highest
rates of curtailment globally.
(Bird, et al., 2014) This report examines U.S. curtailment practices regarding wind and
solar generation. The information presented here were based on a series of interviews
conducted with utilities, system operators and wind energy developers. The report provides
case studies of curtailment experience and examines the reasons for curtailment,
procedures, compensation, and practices that can minimize it.
(Li, et al., 2014) this research paper covered a comprehensive review of renewable energy
curtailment and avoidance in China. It was noted in this research that curtailment of
variable renewable generation, particularly wind, solar and hydro power, is becoming
common worldwide as wind, solar and hydro power development expands across the
country and penetrations increase. The causes of curtailed energy are analyzed, and a
corresponding estimation method was proposed in this paper. The results show that
efficient global curtailed energy utilization in 2013 could save 357.5 million tons of coal,
and reduce 940.8 million tons of C02 emission.
(Byrne, et al., 2015) This paper explores the coupling of cooling, desalination and solar
photovoltaic systems. The research describes the global context of energy demand and
fresh water scarcity, and the relationship with the available solar resource. It also proposes
coupling of technologies as a path for energy savings. That idea is very relevant to this
thesis research and the concept of coupling renewable energy plants with water solutions
such as desalination planets, regardless if the energy used is the curtailed energy or not.
This paper also included a summary of different desalination technologies, coupling
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desalination with wasted energy from renewable was not discussed, but the same concept
would apply.
(Caldera, et al., 2017) This research tackles the role of seawater desalination in the
management of an integrated water and 100% renewable energy based power sector in
Saudi Arabia. This work was very informative to understand the potential of sea water
desalination in the Middle East. The paper presents a pathway for Saudi Arabia to transition
from the 2015 power structure to a 100% renewable energy-based system by 2050, benefits
of integrating the power sector with the growing desalination sector were also investigated.
Two technologies (seawater reverse osmosis (SWRO) and multiple effect distillation
(MED) were identified as a best fit for Saudi Arabia desalination needed to achieve 100%
renewable energy power system by 2040, while meeting increasing water demand.
Curtailment was discussed in both these papers in the context of wasted energy, but
curtailment was not looked at as an opportunity to use that free energy, and as a result the
economics of using desalination during times of wasted energy was not evaluated.
(IRENA & IEA-ETSAP, 2015) A technology brief was published by IRENA on the
potential and barriers to the adoption of hydro power, which also included an overall
summary of the technology status identifying China as the world's largest hydropower
electricity producer. Significant advances in hydropower technology promise further
positive developments. However, the implementation of these advances is often slow and
R&D investment is insufficient. This is partially due to the misperception that hydropower
is a mature technology and offers few upgrading prospects.
The Energy storage association had also many publications that explored the use of
gravitational energy for storage (Energy Storage Association, n.d.).
It is worth mentioning that the technology described in this work only includes summaries
of the technologies investigated. Readers should refer to the source for more details about
each technology. This paper restricted the research to the largest most common energy
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storage technologies, such as hydro and battery storage. Many other storage technologies
are available and should be evaluated in the context of the MENA region.
Flexibility in Design Analysis
Flexibility is a term referring to the ability to modify and adapt in response to changes in
conditions. Design flexibility can be used to maximize returns by capturing value from
uncertainty (De Neufville & Scholtes, 2011) Design for flexibility involves three essential
aspects: the uncertainty itself, what can be done in the design to deal with the uncertainty,
and when to apply the flexibility strategies. Flexibility is used to address various
uncertainties, including market, technological, future use and regulatory (Greden, et al.,
2005). It can be implemented in one phase (e.g. R&D), or throughout the project lifecycle.
(De Neufville & Scholtes, 2011) This literature highlights the fact that uncertainty has an
upside and a downside. The upside is known as the opportunity, and the downside as risk.
Risk in this case is defined as a measure of the uncertainty downside in achieving the goals
pertaining to technical performance, cost and schedule. Risk level is defined by the
probability of occurrence and its consequences (Thunnissen, 2004). Opportunity also has
a probability of occurrence, and as result specific rewards. Therefore, flexibility can
produce rewards and/or reduce negative risk effects, if system designers can successfully
embed the flexibility in the system so that it can adapt to exterior factors that are likely to
change over time.
(Dixit & and Pindyck, 1994) discusses the irreversibility of most investment decisions, and
the ongoing environment uncertainty in which these decisions are made. It also recognizes
the value of the option of waiting for better information. The book focuses on
understanding the behavior of investments in firms, and developing this theory for policy
and industry dynamics.
For this section, the analysis focuses on the uncertainty associated with energy demand and
battery energy storage price competitiveness. It is however important to mention that many
assumptions were made based on the research completed. For example, it was predicted by
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multiple studies such as (Mayr, 2017) that battery technology price will continue to decline
over the next 20 years. A sensitivity analysis was performed to each assumption before
adopting them in the flexibility, but it is worth noting that the final results depend greatly
on the quality of the assumptions added to the model.
Most complex engineering projects operate in an atmosphere of uncertainty, and as a result
the idea of having flexibility seems attractive, since it provides a source of risk mitigation.
It is, however, worth mentioning that designing systems explicitly for uncertainty can also
have negative effects. Systems designed to meet a fixed specification will likely produce a
design different than when flexibility is incorporated. Fixed requirements allow solutions
that can be optimized to accommodate a defined need. Flexible solutions, on the other hand,
are not designed to meet one particular need, hence the performance that is optimized for
a specific context may achieve lower value over a wider range of contexts. Therefore, an
explicit focus on uncertainty is not universally suitable for all engineering systems (De
Neufville, et al., 2004)
Finally, it is also valuable to mention that the study completed in Chapter 4 can be used
without restricting the assessment to any given technology, the flexibility analysis can be
applied to any technology discussed in this report, including desalination plants and
hydropower plants.
System Dynamics - Causal Loop Diagram

A basic knowledge of the concepts of system dynamics is required to understand the
investigations methods used for this thesis.
System dynamics is a method for studying the world around us. Unlike other problem
solving methods that study the issue by breaking it up into smaller and smaller pieces,
system dynamics look at things as a whole. The main concept to system dynamics is
understanding how all the objects in a system interact with one another (Wikipedia, n.d.).
The objects and people in a system interact through feedback loops, where a change in one
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variable affects other variables over time, which in return affects the original variable, and
so on.
System Dynamics (SD) is a systems simulation methodology invented by Forester (1961),
for simulation modelling and analysis of complex problems with a focus on policy analysis
and design. In system dynamics methodology a problem or a system may be represented
as a causal loop diagram (Wikipedia, n.d.).
A causal loop diagram is a simple map of a system that includes all its components and
their interactions. By capturing interactions and consequently the feedback loops as shown
in Figure 2, a causal loop diagram reveals the structure of a system. By understanding the
structure of a system, it becomes possible to ascertain a system's behavior over a certain
time period (Wikipedia, n.d.).
The causal loop diagram of the adoption of a new product introduction may look as follows:

Potential adopters
Market saturation

+

/0

Adoption rate
+

+

®

)

Adopters

Word of mouth

Figure 2 Example of Causal Loop Diagram - (Wikipedia, n.d)

There are two feedback loops in this diagram. The positive reinforcing loop (labeled R)
and the negative or balancing reinforcing loop (labeled B). The arrows indicate a causal
relationship and the sign in the arrowhead (+ or -) indicate if the causal relationship is
positive or negative i.e. if the effect on the influenced variable is positively or negatively
related to the cause. The positive loop indicated that the more people have already adopted
a new product, the stronger the word-of-mouth impact, that positive feedback should
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generate sales that continue to grow. However, growth cannot continue forever, because
the more adopt, there remain fewer and fewer potential adopters.
Both feedback loops act simultaneously, but at different times they may have different
strengths. Thus, one might expect growing sales in the initial years, and then declining
sales in the later years.
It is easy to see, how a complex behavior or system can be explained by network of multiple
simple feedback interactions. Also, as we start considering more variables and interactions,
it becomes very difficult to understand the system complexities without using a
visualization tool such as CLDs.
On the other hand, a causal loop diagram does not fully specify the structure of a system
to permit determination of its behavior from the visual representation alone. That is why a
system dynamics model that includes stocks and flows would be of a greater value as part
of future work for this research. After reviewing existing literature and power system
models, it is clear that there is no model that captures detailed effects of using desalination
as load sink for curtailed energy to reduce risk associated with intermittency of renewable
energy along with a representation of demand for battery storage resulting from reduction
in technology price, and the resultant adoption in the MENA region.
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CHAPTER 2 - RENEWABLE ENERGY AND WATER IN THE MENA
REGION

The Middle East and North Africa (MENA) region has about 57% of the world's proven
oil reserves, and 45% of the world's potential for Renewable Energy (RE). MENA is also
endowed with unique solar resources. However, great gaps exist between countries rich in
natural resources and countries dependent on such resources (Yamouri, 2010). Solutions
have to be tailored to each country energy situation since there are considerable differences.
However, there is a number of common issues including demand growth, price distortion,
water scarcity, inefficient use of energy supply and climate change.

2.1

CURRENT STATUS OF ENERGY AND WATER IN THE MENA REGION

The MENA countries accounted for about 8% (1,047

Mtoe) of world's total

primary energy supply in 2014, whereas this share was only 5% of TPES in 1990, with 511
Mtoe. Global energy demand has been increasing by around 1.9% on average annually, the
increase was much larger in the MENA countries - 4.5% annually - during the 1990-2014
period (Menichetti, et al., 2018).
The electricity sector is the largest source of C02 emissions in the MENA region,
accounting for 45% of total carbon emissions in 2012 (Menichetti, et al., 2018). The region
has experienced a tremendous increase in energy and water consumption over the last three
decades. Increased energy and water demand in the region is largely due to population
growth, socio-economic development and urbanization in recent decades, driven both by
oil revenues, and by growth-oriented policies (Menichetti, et al., 2018). Energy costs are
also subsidized in most of the countries with the highest rate of energy subsidies in the
world, which can explain the high electricity demand and C02 emissions per capita in the
region.
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The substantial link between fossil fuels and the socio-economic development make the
region highly vulnerable to the impacts of climate change. As global temperature continues
to rise, it will have a devastating effects on the region, such as increasing the temperature
above average and decreasing precipitation. This would mean a rise in demand for water
desalination and air conditioning, in a region that is one of the most water-stressed. Recent
results even indicate that survival of humans in the outdoors may not be possible anymore
in a growing fraction of the Middle East during the 21st century (Aghahosseini, et al.,
2016).
However, decreasing costs of modem RE technologies, increasing costs of fossil fuels and
RE policies have led to a rise in the share of technologies such as wind and solar in the
region. Undoubtedly, solar and wind offer the highest potential among all the renewable
sources. The RE targets set by countries and the number of projects in the pipeline reveal
that substantial RE deployment is well underway in the MENA region and it is expected to
continue for the next couple of decades (Aghahosseini, et al., 2016).
Today, hydropower is the primary RE source for power generation in the region. Iran is
the main leader in the case of hydropower generation in the MENA region with 9.5 GW,
followed by Egypt with 2.8 GW of installed capacity (Aghahosseini, et al., 2016).
However, the outlook for further hydropower advancement is not as bright as other RE
technologies given its relatively restricted further resources to exploit in the region.
Power demand is experiencing strong growth in the MENA region, while natural resources
are depleting. Traditional sources of power no longer meet the demands of an
environmentally sensitive future. As the fossil fuel costs keep rising, the price of electricity
&

and government subsidies will continue to cut into socio-economic growth (Meisen

Hunter, 2007). RE will help stabilize electricity costs since it does not dependent on
depleting resources. Photovoltaic systems will increase electricity access in rural areas
without the need for complex policy, thus balancing the socioeconomic infrastructure of
the region.
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A study completed by the Global Energy Network Institute showed that if energy
production and use continues at the current pace, the MENA region economies are headed
down a very counterproductive path. As fossil fuels become scarce, prices will increase,
causing more conflicts and insecurity. Carbon-dioxide emissions will double by 2030,
primarily from power generation and water desalination. And with the negative effects of
climate change, desertification, loss of arable land and extreme flooding, the region will
become more reliant on food imports. The water demand in the MENA countries will also
increase from todays 300 billion cubic meters per year to over 500 billion in 2050
(International Renewable Energy Agency, n.d.), but current water supplies are exploited
beyond it is yield, and desalination will be an important part of the solution.
Renewable energy plays a key role in the MENA region's sustainable energy transition,
which needs to be evaluated within a broad framework of socio-economic development,
with effects on economic growth, energy diversification, job creation and water scarcity.
Current trends show the RE landscape evolving; in 2016, there was an 8 fold increase in
investments compared to that in 2008. Currently, several countries in the region are among
the leaders in RE development.
The Pan-Arab strategy for the development of RE included a commitment to increasing the
region's installed renewable power generation from 12GW in 2013 to 80 GW in 2030
(International Renewable Energy Agency, n.d.). Therefore, the establishment of policy,
regulatory, technical and economic framework to enable scale up of renewables will be
vital. Despite difficulties faced by regional economies and energy sectors, the Arab world
is taking bold steps to advance renewables, and play a significant role in the global energy
transition.
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Figure 3 Planned Renewable Energy Projects - (International Renewable Energy Agency, n.d.)

The Pan-Arab strategy's goals are the following:
" Utilizing the abundance of renewable energy resources
*

Enhancing future energy security through diversification of energy resources

*

Meeting the requirements of national and regional development

*

Keeping indigenous oil and natural gas as strategic reserves for as long as possible

*

Contributing to resolving environmental issues associated with oil and gas
exploration, transportation and use.

By applying renewable sources to energy production in the Middle East, there will be less
dependence on fossil fuel, the life of fossil fuels will be expanded for future generations in
countries where fuel is available, decreasing carbon emissions, and encouraging socioeconomic development for sustainable wealth.

2.2

MENA

RENEWABLE ENERGY

CHALLENGES AND

POTENTIAL

SOLUTIONS
As discussed previously, meeting the rapidly growing domestic energy demand,
particularly for electricity and desalination, is a real challenge facing all MENA countries.
Renewable energy plans in the MENA region should be viewed as an integrated solutions
between water and energy.
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The region is well suited to the development of renewable energy technologies for different
applications. Most of the countries are located in the Sunbelt, with global horizontal
irradiance (GHI) values ranging from 1,600 kilowatt-hours per square meter per year
(kWh/m2 /y) in coastal areas to 2,600 kWh! m 2/y in the desert, and direct normal irradiance
(DNI) varying from 1,800 kWh/m 2/y to more than 2,800 kWh/m 2/y. This is one of the best
endowed areas of the world with respect to solar energy for both solar photovoltaic (PV)
and concentrating solar power (CSP) applications. The potential for wind energy is also
very high in several countries of the Mediterranean such as Morocco, Egypt and Turkey as
shown in Figure 4. However, there are several obstacles to the deployment of renewables
in MENA countries that need to be overcome, including: weak grid infrastructure,
regulatory barriers, access to finance and, most importantly, subsidies to conventional
energy (Menichetti, et al., 2018).
The RE resources in the MENA region up to this point have remained largely untapped.
This is especially true for solar power; its potential in the MENA region alone far exceeds
global electricity demand. According to a report by the Electrical Engineering Department
at King Saud University, the Middle East receives 3,000 - 3,500 hours of sunshine per year
(Meisen & Hunter, 2007), with more than 5.0 kW/m2 of solar energy per day.
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However, renewables on their own cannot meet the variations in demand that occur
throughout the day without some mechanism to regulate when power reaches the grid.
Power needs to be dispatchable. Dispatchable means that energy can be provided upon
request. If the sun is not shining or the wind is not blowing, renewable energy cannot be
dispatched unless it had been stored in some way (Vaughan & West, 2017).
There is a number of different types of storage, but the two that will mostly be discussed
in this analysis are batteries and pumped storage hydropower. These two technologies are
very different and there are some limitations involved in comparing a well-known and
established technology with one that is new and developing rapidly.
The rise of renewables will inevitably lead to a diversity of storage and supply solutions.
The range of these solutions will depend on the resources of particular regions and
locations, which will be discussed in more details in Chapter 3.
Every renewable energy project entails risk, but risk in an emerging market can bring
additional types of risk. There is no one-size-fits-all solution. Figure 5 identifies - with a
red lightning bolt - the most important risks faced when developing a renewables project
in the 71 emerging markets, covered by the 2017 study completed by the Global Climate
scope project. This thesis will mostly focus on the curtailment risk shown under the
operations header.
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Figure 5 Renewable Project Risks - (Climatescope, 2018)
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This risk occurs when wind and solar plants are forced to reduce their output, without
compensation for curtailment. China currently has the worst curtailment rates in the world,
with the national average ratio in 2016 at 17% for wind and 12% for solar. Consequent
financial losses amount to an estimated $3.4 billion last year. A plant experiencing the
current level of curtailment in China throughout its lifetime would need to sell power at a
price almost a fifth higher than expected when commissioned, in order to make the
anticipated rate of return (Climatescope, 2018).
Much of mitigating this risk lies with the government and off-taker, since curtailment ratios
are significantly affected by the power demand-supply balance, penetration of variable
renewables, and the capacity and flexibility of the grid. Since investment in grid
infrastructure is typically not the responsibility of renewable power generators, curtailment
risk (current and future) should be taken into account by the developer when deciding
project site location. In many emerging markets, the off-taker covers curtailment losses as
part of the electricity tariff, making the issue of curtailment a critical part of renewable
energy adoption (Climatescope, 2018).
Mitigating this curtailment risk in emerging markets such as the MENA region will be vital
in helping the adoption of these renewable technologies. The next section focuses on
curtailment risk and the proposed storage solutions.
In order for the MENA to achieve its sustainable energy goals, policy makers and procurers
need to strongly consider the intermittency of renewable energy supply, and look for viable
storage solutions to ensure long-term success.
In the MENA region to reduce curtailment risk, renewable energy projects should be
evaluated with a form of water treatment pumping or desalination to reduce curtailment
risk. Other risks of price uncertainty can be reduced by using flexibility analysis discussed
in Chapter 4.
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2.3

MENA ENERGY STORAGE

The use of storage provides a needed flexibility to the renewable energy industry growth.
The profile of renewables production doesn't neatly match demand, which requires storage
resources that can store or shift energy to fill the energy gaps throughout the day. Currently
energy imbalances is dealt with using primarily fossil-fuel-fired plants. But a number of
solutions can be employed to use the extra energy, or store that energy for future use using
batteries.
Batteries have not yet crossed the economic threshold to create a widespread adoption.
California is scrambling to develop incentives under which these technologies can begin
to thrive and help the state avoid stagnation of its environmental progress (Singleton,
2017). A similar strategy needs to be implemented in the MENA region to guarantee
storage and RE continued growth. Over-generation of energy is created when inadequate
market size or limited market access, due to transmission constraints, creates an excess of
renewable supply. System operators and regulators are currently preparing for and dealing
with consequences such as over-generation, renewable curtailments and local transmission
congestion, in order to keep the system reliable (Singleton, 2017).
When grid flexibility is missing, variable resources are curtailed during periods of
oversupply. Therefore, electricity is wasted, capacity factors are reduced and revenue for
turbine owners in certain markets is lost. In Texas, for example, 1.2-17.1% of potential
wind generation was curtailed on an annual basis between 2007 and 2012, equaling a total
of 13 TW h of electrical energy. Worldwide, curtailment rates are projected to increase as
wind and solar comprise a larger fraction of the generation mix (Barnhart, et al., 2013)
The question we should be asking here is, are there other uses for electricity generated by
wind or solar that would otherwise be stored or curtailed? For example, excess electricity
could be used in applications where the need for on-demand energy is low and are not
strongly disadvantaged by intermittency, such as desalinating, purifying water or driving
irrigation pumps. These conditions could result in high return on investment values with
benefits to society that lie beyond the power-grid sector.
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2.4

DESALINATION AS AN ALTERNATE TO STORAGE

The question to ask here is: will battery storage play an important role in the transition to
RE in the MENA region? Or should the focus be on using desalination as an interruptible
load to balance the grid and take advantage of curtailed energy? That questions will be
analyzed further in Chapter 3 using system dynamics.
If battery storage was the main energy storage adopted in the MENA region, the uncertainty
in battery storage price will affect RE adoption in the region negatively. The argument here
is that the negative effect will be reduced in the MENA region, because desalination should
play a stronger role in balancing the grid, while simultaneously providing a solution to the
extreme water challenge facing the whole region.
In this research, we viewed desalination in the MENA region as a replacement to the typical
energy storage technologies, such as batteries and hydro storage, to tackle both cost of
battery storage and the need for desalination.
Currently, the market for energy storage attached to desalination plants is still in its infancy,
because of the cost of batteries. However, using desalinated water as means for using
curtailed energy has not yet been evaluated, especially using curtailed energy that would
be wasted otherwise. Nowadays, desalination serves around 1% of the global population,
almost 74.6 million people. Desalination capacity increased 57% between 2008 and 2013,
according to the market research organization Global Water Intelligence (GWI) and the
International Desalination Association (Deign, 2016). GWI said desalination could be
needed for up to 14% of the world's population by 2025, based on United Nations figures
for water scarcity.
Because desalination is often needed in desert environments that are already ecologically
stressed, environmental friendliness is another potentially significant factor in choosing to
use curtailed energy for desalination.
Water and energy are linked, and both sources are confronting limits in the MENA region.
However, by taking advantage of synergistic geographical overlaps of hydrological,
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geological and energy resources (for example, wind and solar resources located above
abundant brackish groundwater to create an integrated water supply), we might solve
several problems at once.
Storing desalinated water could act as a substitution for energy storage: It is a lot cheaper
and easier to store water than it is to store electricity. Instead of expensive lithium-ion
batteries, water can be stored in reservoirs. One of the major benefits of coupling
desalination with renewable energy sources is that it allows for freshwater production
without increasing dependence on carbon-emitting fuel sources (Clayton, et al., 2014).
The flexibility in the operation of desalination plants, whose production can be dialed up
or down on command, could solve the intermittency issues of wind and solar, by treating
the water plant as a load that is able to match electricity provided by the wind and solar
when they are available. When the curtailed energy is available, run the desalination plant;
when it is not, turn down the desalination efforts. The power sector typically turns supply
from power plants up or down to match consumption, but with this integrated desalination
plant, the consumption can be dialed up or down to match the supply of electricity. Also,
the low marginal cost and cleanliness of wind and solar could solve the cost, energy
requirements and carbon intensity of desalination.
The MENA region presently is a small market as far as energy storage is concerned. This
is an opportunity for the region to build storage capacity that best fits the needs and climate
of that region. In Chapter 3, we also look at potential storage option for the MENA region;
hydro as storage, desalination as an alternate to storage, and batteries.
Assessments of the global electricity storage market have been hindered by uncertainty
about which technologies and market segments to include. Flexibility analysis for a
strategy to build battery storage effectively in the presence of uncertainty will be evaluated
in Chapter 4.
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2.5

ENERGY STORAGE ADOPTION RISKS AND CHALLENGES

The advantages associated with deploying energy storage with renewables are clear, there
is however a number of challenges associated with the growth of storage in the MENA
region. The challenges include failure of regulators to create a coherent policy which
encompasses, and appropriately govern energy storage (Mayr, 2017).
Energy storage regulation in the region remain limited. The uncertainty associated with
technology price, demand for renewables and lack of regulation creates a burden on
projects, but this is slowly starting to change. The Apricum clean tech advisory stated that
the MENA region is set to become a major contributor to storage's future global growth
(Mayr, 2017). Three of the necessary market conditions for this growth are analyzed below.
The three prerequisites for energy storage market growth are shown in Figure 6. The
demand and competitiveness variables will be analyzed further using system dynamics
casual loop in the next section, showing mainly the positive feedback associated with each
variable. For the industry to grow all three components need to exist to reduce risk
associated with the adoption of such a technology on a large scale.

Demand

Compettivness

Policy

Figure 6 Energy Technology Adoption Challenges - (Author)

Demand: demand for storage is associated with demand for renewable energy. There needs
to be demand for services that energy storage can serve. For examples, the increased
demand for power system flexibility, infrastructure expansion and optimization of power
sources to produce quality power supply.
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The dominating demand driver for storage in the MENA region will be the vast upcoming
expansion of renewable energy in the UAE, Saudi Arabia, Jordan, Egypt, Morocco and
other MENA countries, with cumulated installations expected to reach around 19 GW of
PV and 7 GW of wind over the next four years (Mayr, 2017). Consequently, energy storage
projects in MENA will have to address use cases dealing with the integration of renewable
energy capacities. For example, by limiting the up and down ramp rates of PV, or offering
grid congestion relief to avoid curtailment.
Competitiveness:

energy storage needs to be competitive with alternatives. The

technology needs to also work adequately. The most competitive solution is typically the
one that has the lowest costs over its lifetime.
Costs of energy storage have declined over the last few years. According to Apricum's
estimates, Li-ion battery system prices will more than halve to approximately 200
USD/kWh between now and 2025, that decline is driven by economies of scale through
the rising production of batteries for the e-mobility sector and technological improvements
(Mayr, 2017).
Reduced costs are increasing the competitiveness of energy storage around the world. The
MENA has another advantage in the fact that it has extremely low costs of PV-based power
production. With LCOE below 3 USD-cents per kWh in Abu Dhabi and Dubai, and 2 USDcents in Saudi Arabia, a PV plant can add energy storage and still offer electricity at a
competitive price (Mayr, 2017). This is especially compelling when taking into account
that more PV power can then be sold by avoiding grid congestion.
Policy: adequate framework needs to be in place to help provide unrestricted market
access, allow for the overall bankability of energy storage deployments, and avoid onesided privileges, such as subsidies.
A great example on how commercial bankable framework for energy storage could look in
the MENA region was recently implemented in the country of Jordan, Jordan's Ministry
of Energy and Mineral Resources (MEMR) released a request for expression of interest
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(REOI) for a 30 MW/60 MWh stand-alone energy storage project, which is paid for via a
15 year capacity lease agreement (Mayr, 2017)[c].
If successfully executed, a resulting low-cost PPAs would be the best proof of concept,
which can trigger similar frameworks also in neighboring countries, as was the case with
PV a few years back. However, it is worth mentioning that the specific situation in Jordan
with 97% of imported energy and a stressed grid infrastructure is a perfect place for
renewables plus storage solutions, which is not the case in all MENA countries to the same
extent.
The positive reinforcing feedback loop below shows how the conditions for energy storage
growth in the MENA region are increasingly emerging, which naturally vary from country
to country. As demand is growing and competitiveness is improving, benefits of energy
storage get recognized, which leads to a larger market share (Mayr, 2017).
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2.6

ENERGY DYNAMICS - FEEDBACK LOOPS IN MARKET GROWTH

VARIABLES
As discussed previously renewable energy technologies (RET) are facing a set of
challenges that affects their rate of adoption. The presence of complex system dynamics in
technology adoption could be a factor. Policy makers should obtain in-depth understanding
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of the dynamics of technology adoption. If not managed correctly, the three challenges
described above can become barriers to the adoption of RET.
The dynamics of technology adoption is a result of complex interactions and feedbacks
within a complex dynamic environment (Mutingi, 2013). This section will analyze the
feedback loops associated with the major challenges facing adoption including demand and
technology competitiveness.
Feedback relationship for demand growth for energy and water and the potential use of
curtailed energy in the MENA region
Curtailment is the reduction of the generator energy output from what otherwise could have
been generated. Owners and operators of renewable energy plants are now concerned about
the impact of curtailment on the project economics. The causal loop model below define
the positive impact that can be achieved if curtailment energy was stored or used for
desalination, and the positive effects of reducing the emissions of C02 due to curtailment
energy utilization. Off course, energy storage price is still a factor in the adoption of storage
technology, which will be analyzed in more detailed in model 2.
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Feedback relationship of battery storage price competitiveness
There is a risk and uncertainty associated with the price predictions of battery energy
storage. The model below shows three positive feedback loops associated with the adoption
of battery storage prices. Sales increase as more batteries are sold and manufactured, due
to the economies of scale, process improvement and learning effect.
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CHAPTER 3 - TECHNOLOGY SOLUTIONS

This technology overview will briefly discuss each energy storage and water technologies
relevant to the MENA region. Also, a causal loop model will be presented for the feedback
structure of curtailed energy utilization in the MENA region, showing the potential
adoption of energy storage and water solutions.
Curtailment is a reduction in the output of a generator from what it could otherwise produce
given available resources (Bird, et al., 2014). Curtailment has negative economic impact
on solar and wind projects if not fully utilized. Operator-induced curtailment typically
occurs because of transmission congestion or lack of transmission access, excess
generation during low load periods, voltage, or interconnection issues.
Curtailed energy can be used in applications where the need for on demand power is low,
and for applications that are not strongly disadvantaged by intermittency, such as
desalinating, purifying water or irrigation pumping. Utilization of this otherwise wasted
energy could result in high values with benefits to the society beyond the power-grid sector.
These proposed solutions, if economically implemented, will reduce the negative effects
of the water and energy challenges currently facing the region. For the MENA region to
achieve its Pan Arab 2030 goals, meeting the energy and water demand using curtailed
energy will become more critical.
Due to the critical need for fresh water in the MENA region, the focus of this section will
be investigating the potential of using water loads as an alternative to other storage
technologies typically used for such an application, hence solving the water and wasted
energy problem at the same time. However, other storage technologies such as battery and
pumped hydro storage will also be briefly investigated for the potential application in the
MENA region.
There are multiple types of mechanical, thermal and electrochemical energy storage
technologies applicable to the MENA region. However, the focus of this section will be on
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pumped Hydro storage, which is currently the largest energy storage method used globally.
Lithium-Ion and Flow batteries will also be discussed due to their potential for growth over
the next decade.

3.1

CAUSAL LOOP MODEL

This causal loop model evaluates the feedback process associated with the increased
adoption of distributed energy resources and increased level of curtailed power, from a
systems dynamics point of view. Feedback interactions between energy and water demand,
storage technologies, desalination and C02 emissions are captured based on systems
thinking concepts.
The following loops are represented in the diagram:
R1 Reinforcing Loops 1 - Increased adoption in battery storage due to increased
competitiveness
R2 Reinforcing Loops 2 - Increased energy storage using hydro storage due to increased
adoption of clean energy
R3 Reinforcing Loops 3 - Decreased water deficit due to increased desalination using
curtailed energy
R4 Reinforcing Loops 4 - Increased adoption of renewables
Bi Balancing Loops 1 - Reduction in C02 emission due to pressure to reduce electricity
production from fossil fuels
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3.2

ENERGY FOR WATER SOLUTIONS

Water scarcity is being regarded as a global problem by World Economic Forum, which
placed it in the top three global problems, alongside climate change and terrorism
(Bellware, 2016). High-scarcity levels are also widespread in areas with significant
irrigated agriculture or low natural availability of fresh water (such as the Arabian Desert)
where population is also relatively dense.
Economic losses can be a result of water scarcity due to crop failure and limited food
availability, which can threaten environmental biodiversity. When faced with scarcity,
areas in need of water often resort to pumping groundwater, which can permanently deplete
the supply.
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The MENA region, which is 85% desert, deals with high water scarcity and desertification

problems (Figure 11). Third of the 22 MENA countries are considered water insecure, and
20% of the regional population does not have access to clean water (Jones & Olsson, 2017).
Approximately, 85% of regional water is distributed to agriculture and irrigation needs
(Figure 12). Due to population growth, urbanization and climate change water scarcity is
becoming a major problem for the region.
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Figure 12 Water Use in the Arab Region - (United Nations Development Programme, 2013)

Water Pumping and Irrigation is a great way to use that available curtailed energy. In the
MENA region, peak production time for solar and wind energy aligns with peak demand
periods for water pumping and treatment (Jones & Olsson, 2017). If there is an excess
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power production, this energy can be stored as a clean water buffer or storage for irrigation.
In other words, water can serve as important energy sink to help alleviate the excess energy
wasted due to curtailment. Often solar PV and wind curtailment can complement each other
to provide a more reliable power source.
The MENA region has an estimated population of 360 million, and is expected to grow in
the 2035 by 57% (Pinnacle & Edama, 2016). Increased population not only threatens water
security, but also has negative implications for food and agricultural production. The Arab
Development Bank estimates that the region will need $200 billion USD in investments
over the next 10 years in order to satisfy regional water demands. To address increased
demand for water, some Arab countries, such as Saudi Arabia, have invested in
desalinization plants (Pinnacle & Edama, 2016). Based on regional trends, desalinated
water is expected to supply nearly 10% of MENA's water consumption by 2025.
The country of Jordan is one of the most water stressed countries in the region and is set to
run out of water by 2025. Jordan is also an energy poor country. The majority of its water
supply is generated from deep-water aquifers. Of the 12 major groundwater aquifers in
Jordan, half are over-exploited (Pinnacle & Edama, 2016). Desalination will have to play
a major role in tackling this challenge. Figure 13 below clearly show the natural water
availability in the MENA region in comparison with the United States.
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Figure 13 MENA Water Scarcity Levels vs Water availability in the - (Scott, 2018)
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Sections below will introduce the concepts of energy storage and curtailed energy for water
solutions, and will summarize relevant technologies discussed in this research.

3.2.1 Energy Storage
Energy storage plays an important role in making renewable sources become a main source
of energy. Storage provides flexibility to the energy system, increasing the potential to
accommodate distributed generation and improving management and resiliency of the grid.
Large scale energy storage continues to be dominated globally by pumped hydropower
storage, in terms of installed capacity (150GW, or 96% of the total storage). However,
battery storage was deployed through 2017 with a record 3GW addition, more than ten
times the installed base in 2013 (Tracking Clean Energy Progress, 2016). Regulators
worldwide have introduced policy to help and allow storage growth and deployment to
compete in additional services. This accelerated deployment has been accompanied by
reduction in battery technology costs. Since 2010 battery technology costs have followed
a similar trend to those experienced by PV a decade ago.
Figure 14 contains a survey of current technologies being considered for utility energy
storage projects. The figure groups storage technologies according to the form of stored
energy they employ. Pumped hydro storage technology was discussed in more detailed due
to it is global large scale and wide spread applicability. Details about lithium ion and flow
batteries were also included due to their potential benefit to renewable energy adoption.
Other technologies, such as capacitors, flywheels and compressed air, were not discussed
in more detail due to their limited competitiveness in the market compared to other
technologies. However, some specific applications might be best suited for each of these
technologies. Additional details can be found in the following reference: (IEC Market
Strategy Board, 2010)
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Energy storage has become an important grid resource in recent years with the expansion
of renewable energy resources. Figure 15 by the Electric Reliability Council of Texas
(ERCOT) shows energy storage effects when combined with solar power in Texas. The
dynamic provides qualitatively a similar behavior regardless of location. It is clear when
storage is installed in the right capacity, it can help mitigate the energy demand when the
solar power production is at its lowest. This same disparity in behavior between solar
production and demand applies to any solar installation, where solar power production
exceeds demand during specific hours in the day time. The diagram shows the hourly
demand in blue and solar generation data in red (ERCOT, n.d.) The solar energy that is
provided beyond the demand needed at that time is wasted if not utilized or stored.
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Figure 15 Storage Potentialon Installed PV Capacity - (ERCOT, n.d.)
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In this research, it is proposed that using the wasted energy for water solutions will be more
effective than storing in batteries or other means, due to the critical need for water in the
region. It is also proposed that the uncertainty associated with battery storage cost will not
impact the MENA region as much, given the fact that all extra energy available should go
to desalination. However, other storage methods, such as pumped hydro and batteries, will
still need to be part of the energy storage growth. It is discussed in more details in this
chapter.

3.2.2 Curtailed Energy for MENA Water / Storage
An important factor to consider when installing renewable capacity at a large scale is
curtailment. To keep the grid balanced during peak production of solar and wind power,
the plants are forced to reduce their output or completely shut off a portion of the plants,
hence wasting energy and consequently, financial losses. That wasted energy during peak
production can be used for other purposes or stored, either in batteries or hydro storage.
Figure 16 shows the excess energy production in Germany in 2014. A similar behavior can
be expected in the MENA region.
Peak production times for solar energy aligns with peak demand periods for water pumping
and treatment. Desalination plants and water pumps can be run intermittently, which makes
them great options to use in combination with renewables. It is valuable to think about
using the curtailed energy during peak production of solar for water pumping and
treatment. This process of combining renewable resources, such as wind and solar, with
water desalination and pumping will reduce energy needs and produce fresh water. This
way, expensive energy storage doesn't need to be part of the installation.
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Figure 16 Energy Resource Showing Excess Renewable during Peak Solar Production in
Germany - (Gerke, 2013)

There are two main reasons for curtailment as defined by the National Renewable Energy
Laboratory (additional details can be found in the source: (Bird, et al., 2014)):
1. Transmission Constraints - This is the most common reason for wind and solar
curtailments. In the U.S, most curtailment occurs when the construction of
necessary transmission lags behind the pace of renewables development, resulting
in infrastructure that is insufficient for the power generation on line (Bird, et al.,
2014).
2. System Balancing - Curtailment can be the result of challenges in balancing the
system with higher penetrations of renewables due to oversupply of generation
(Bird, et al., 2014).
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3.3

ALTERNATE

TO

STORAGE:

DESALINATION

AND

WATER

SOLUTIONS
In search for new sources of water supply, sea water desalination has increasingly come
out as the most viable option. Fortunately, the MENA region borders the Red Sea and the
Meditation Sea, and thus has access to virtually unlimited ocean water.
Desalination of seawater and brackish water can be used to cover the increasing demand
for fresh water in the MENA region. However, desalination is an energy intensive process,
which often uses fossil fuel sources that are vulnerable to volatile global market prices
(IRENA & IEA-ETSAP, 2012). Desalination is currently being investigated as a viable
option when used at times when there is energy waste during peak production of solar or
wind power. The most popular option is to store that energy in batteries, but storage can be
expensive, and using that energy for a needed desalination plant could be economical on
the long run.
In the MENA region, desalination demand is increasing, water demand is expected to
increase from 9 billion m 3 in 2010 to 13 billion m 3 in 2030, while groundwater resources

are projected to decrease. As a result, desalination in the MENA region is expected to grow
from 20 million m 3/d in 2007 to nearly 110 million m 3/d by 2030. The total electricity

demand for desalination in the MENA region is expected to rise to 122 TWh by 2030, thus
tripling compared with the 2007 levels (IRENA & IEA-ETSAP, 2012). The MENA region
accounts for 38% of the global desalination capacity, with Saudi Arabia being the largest
desalinating country (IRENA & IEA-ETSAP, 2012). The dominant technology is Reverse
Osmosis (RO), which accounts for 60% of the global capacity, followed by Multi Stage
Flash (MSF), with a 26.8% share (IRENA & IEA-ETSAP, 2012).
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Table

I

below shows the energy consumption of the most common desalination

technologies currently in use in Saudi Arabia. According to Arab News, Saudi Arabia uses
1.5 million barrels of oil per day at its desalination plants, which provide between 50% and
70% of the country's drinking water (Oxford Business Group, 2010). Due to the improved
technology and lower energy consumption, reverse osmosis is currently dominating the
Saudi Arabian market (Caldera, et al., 2017).
Table

1 Average Energy Consumption of Prevalent Seawater Desalination in the KSA - (Caldera,
et al., 2017)

Seawater Reverse Osmosis (SWRO)
Multi Stage Flash (MSF)
Multiple Effect Distillation (MED)
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-
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Curtailed energy powered desalination could be a key variable for continued growth,
especially in countries that rely on desalination for sustaining local communities and
irrigation. Combining curtailed power generation, water pumping and desalination can also
be a cost effective solution.
There are two main types of desalination: Thermal, which uses heat to vaporize fresh water,
and membrane, which uses electrically powered pumps to separate fresh water from
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seawater or brackish water using a membrane (IRENA, 2015). Considering the mismatch
between the source supply and demand and intermittent nature of these energy resources,
energy storage is a must for reliable and continuous operation for desalination technologies
that utilize thermal energy, and thus require uninterrupted process operation. On the other
hand, reverse osmosis plant can produce water only when energy is available and there is
no need for battery storage unless a continuous production of fresh water is required.

Saline water: Sea or Brackish

Energy:
Thermal,
Mechanical,
Electrical

Product:
rsh water

.

Rejection: Brine
(concentrated salt water)
Figure 18 Water DesalinationRepresentation - (Li, et al., 2013)

Below is a summary of the major desalination technologies. This section will go into more
detailed reverse osmosis analysis due to it is popularity and energy efficiency. For more
details about each technology refer to the source: (RENA, 2015).
Thermal Desalination involve distillation processes where saline feed-water is heated and
vaporized, causing fresh water to evaporate and leave behind a highly saline solution

(IRENA, 2015).
Multi-Stage Flash (MSF) - Saline water is heated at the temperature with a decreasing
pressure through the stages. Part of the water flashes (quickly vaporizes) at each stage,
while the rest continues to flow through the remaining stages (IRENA, 2015). This process
works well with saline seawater which means the pre-treatment requirements of seawater
are minimal. Especially in regions with higher seawater quality, such as in the Arabian
Gulf. MSF has been a reliable desalination technology for largescale potable water
production. MSF can produce high-quality fresh water with very low salt concentrations
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(10 ppm or less) from feed-water with salt concentrations as high as 60,000 to 70,000 mg/L
TDS, nearly twice the salinity of seawater (Verdier, 2011).
Multi-Effect Distillation (MED) - A multi-stage process wherein vapor from each vessel
is condensed in the following vessel and vaporized again at reduced ambient pressure
(IRENA, 2015). Compared to MSF, MED process offers significant cost savings regarding
the energy consumption. This technology requires less electrical energy than MSF. The
demand of this energy source amounts to approximately 1.5 to 2.5 kWh per m 3 distillate
(Verdier, 2011).
Vapor Compression (VC) - The heat for water evaporation comes from compression rather
than from direct heating (IRENA, 2015). Generally, this process is used in combination
with other desalination process such as MED to improve efficiency.
Membrane Desalination uses membranes to separate fresh water from saline water. Water
is brought to the surface of a membrane, which selectively passes water and excludes salts.
Reverse Osmosis (RO) - Involves passing saline water through a semi-permeable
membrane at a pressure greater than the osmotic pressure, leaving the solid salt particles
behind. RO plants are very sensitive to the feed-water salinity. Therefore, the treatment
requires an adequate water pretreatment system, as a result, the specific seawater
conditions will influence the design and the costs for the pre-treatment system. The RO
section may require a second pass depending on the quality of the water to be achieved
(IRENA, 2015). This process is summarized in more detail later in this section.
Electrodialysis (ED) - This process uses electrical potential to move salt through the
membrane, leaving fresh water behind (IRENA, 2015). This process is more suited for
brackish water rather than seawater desalination. It can be used before RO system to help
in the pretreatment, and to decrease the high salinity of the feed-water. The RO system can
produce more amount of water than with usual with low salinity.
Both reverse osmosis and thermal desalination are practiced throughout the region and the
world, but both technologies require large amount of energy. The most popular membrane
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desalination technique currently used is RO, due to it is energy efficiency, modularity, ease
of scalability and lower energy consumption per cubic meter of fresh water.
A study was completed by Fichtner Engineering to try to determine if thermal or membrane
desalination best fit the MENA region. The evaluation results suggest that depending on
regional and local conditions, both technologies have their strengths and advantages. The
study indicates that MED appears more convenient in the Arabian Gulf where RO requires
pre-treatment. While in the Mediterranean region, RO seems to be the more economic
option given the moderate seawater quality, in terms of seawater salinity and temperature,
which leads to less pre-treatment.

Reverse Osmosis desalination (energy for water)
Reverse osmosis (RO) process consists of a semi-permeable membrane that is used to
separate freshwater from the saline feed-water. The osmotic pressure of the feed water is
exceeded using an external pressure to allow the freshwater to pass through the membrane
(Li, et al., 2013). The amount of energy required for pumping depends on the feed-water
salt concentration. This process does not require heating or phase-change of the feed-water.
A typical RO plant consists of four major components: feed-water pre-treatment, high
pressure pumping, membrane separation, and permeate posttreatment (Li, et al., 2013).
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Energy consumption in reverse osmosis is supplied to the pumps in the form of electrical
energy, which is then converted into mechanical energy to provide a pressure higher than
the osmotic pressure of seawater on the membrane to extract freshwater (Li, et al., 2013).
The specific energy requirements for RO process can vary between 1 to 10 kW h/m 3
depending on the type of feed-water, level of pretreatment and the membrane module. The
cost of RO desalination can be as low as 1$/ M3 (Li, et al., 2013).

In a RO process, 50% of the total water production cost is due to energy costs (Verdier,
2011). In seawater reverse osmosis plants, the high pressure feed pumps consume 50-75%
of the total energy supplied, which contribute to 35% of the total operating costs (Verdier,
2011). The energy costs ($/m 3) are very significant in RO process due to the high pressure
requirements (Verdier, 2011).
The right combination of curtailed energy and desalination technology can be the key to
match both power and water demand economically, efficiently and in an environmentally
friendly way._Assessing the technical feasibility and cost effectiveness of curtailed energy
desalination plants requires a detailed analysis, including a variety of factors, such as
location, quality (salinity) of feed-water input and fresh-water output, the available
renewable energy source, plant capacity and size, and the availability of grid electricity
(IRENA & IEA-ETSAP, 2012).

3.4

ENERGY STORAGE TECHNOLOGIES

Pumped Hydro Storage (PHS) is the most widely deployed large-scale storage technology.
It is a mature technology that was commercialized in the 1890s. PHS currently has a global
installed storage capacity of 176 gigawatts (GW), which represents 96% of the total of
installed globally in mid-2017 (IRENA, 2017). The other electricity storage technologies
used on a large scale are thermal storage with 3.3 GW (1.9%), batteries with 1.9 GW (1.1%)
and other mechanical storage with 1.6 GW (0.9%). PHS is a commercially mature
technology that dominates both the total installed power capacity (in GW) and the energy
storage capacity (in GWh).
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3.4.1 Pumped Hydro storage (energy from water)
Pumped hydro storage is considered an attractive solution for load balancing and energy
storage, primarily in combination with renewable energy. PHS is capital intensive.
However, it is inexpensive when it comes to cycling energy through. It is suitable for peak
shaving for grid application, but due to the geographical limitations (space constraints and
the need for elevations) and negative environmental impacts, the growth of this storage
technology has been limited. PHS description below largely follows that of the
international renewable energy agency; see (IRENA, 2017) for more details.
PHS stores energy in the form of gravitational potential energy by pumping water between
two reservoirs at different heights. When electricity demand is low, water is pumped
through the penstock from the lower reservoir to the upper reservoir. This process creates
the charging process of the energy storage system. The pump and turbine units are attached
to a reversible electric generator (IRENA, 2017). When demand for electricity is high, the
accumulated water in the upper reservoir is released towards the lower reservoir, passing
through the electricity-generating turbine system. The electricity generated is then fed into

the grid [Figure 12].
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Water volume stored in the PHS plant is directly proportional the amount of energy that is
stored in the upper reservoir, and the height difference between reservoirs. To reduce cost,
large lakes or rivers are often used as lower reservoirs by saving on construction of one
reservoir.
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Figure21 Schematic of a Tpical ConventionalPumped Hydro Storage System - (IRENA. 2017)

PHS plants historically have been used for medium to long-term storage, with release times
from hours to a few days. Typical round-trip efficiencies range between 70% and 84%, and
expected lifetime of 40 to 60 years. In the past, PHS plants were typically used to balance
the difference between load and generation, during high and low demand times in power
systems. Reservoirs are filled with inexpensive off-peak electricity which is then sold
during the morning and evening hours when there is more demand. However, this business
model is under threat with the increased adoption of renewables. PHS is evolving to create
new operational concepts to unlock advantages and to provide additional flexibility options
to balance system operation.
Due to PHS technology maturity and site specific limitations and costs there is little
potential to reduce the total installed cost from a technology perspective; projects have long
lead times and the technology is not as modular as some of the new and emerging electricity
storage ones, such as batteries that can scale down to very small sizes.
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3.4.2 Electrochemical Storage
Although Electro-chemical storage is one of the most rapidly growing market segments, it
is operational installed battery storage capacity is only around 1.9 GW, Li-ion batteries
account for the largest share (59%) of operational installed capacity at mid-2017.
For stationary battery storage Li-ion and flow batteries are the most common and
commercially viable technologies. The majority of utility-scale battery systems installed in
the U.S. over the past few years have been Li-ion, mainly due to the cost reductions
achieved through electric vehicle manufacturing. Li-ion systems are also popular due to
the expected versatility of applications and flexibility of performance. The cost reduction
potential for emerging electricity storage technologies is significant. The total installed cost
of a Li-ion battery could fall by 54-61% by 2030 in stationary applications (NRECA, et al.,
2018). There are a number of other emerging battery electricity storage technologies with
great potential for further development such Flow batteries. Both technologies are
discussed in more detail below.
Lithium-ion batteries
Multiple chemistries are available for Li-ion batteries, which makes them attractive to
electricity providers, especially for applications that require output duration of 4 hours or
less. Lithium technologies have a high DC round trip efficiency (typically > 90 percent),
but experience annual degradation, and have a service life of 10 to 15 years (NRECA, et
al., 2018).
Lithium-ion is a class of rechargeable batteries in which lithium ions move from negative
electrode to positive electrode during discharge and back when charging. The technology
is relatively mature, flexible and is very suited for large grid scale application. These
features have caused a reduction in the technology price over the past 5 years. Looking
ahead, research suggests the technology price will keep declining, and the technology will
dominate the market over the next 10 years.
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Grid scale batteries have become the current standard for grid storage. They are modular
units that are easily plugged to the grid, and do not suffer the sitting or scheduling issues
associated with pumped hydro energy storage projects (Rys, 2018).
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Figure 22 Energiv Storage Technologies Applications - (Ris. 2018) Edited by Author

The grid energy storage chart in Figure 10 shows how Lithium-ion batteries can span a
wider range of grid scale applications than hydro power storage. As price continues to
gradually fall, battery storage is set to encroach on large scale hydro storage. Batteries offer
the enormous benefit of direct electrical usage and grid connection without the need for
conversion. This advantage, however, comes at the expense of much higher system cost
and complexity, shorter lifetime, and, in some cases, more significant safety risks.
For the MENA region, battery storage is another alternative technology that can be very
suited for storing curtailed energy. The current cost of technology can be prohibitive.
However, predictions of price signal a great opportunity for the technology. Li-ion also
suffers from a temperature sensitivity, which can drastically reduce the useful lifetime in
hotter operating environments such as the MENA region. Lastly, Li-ion batteries introduce
a few particular safety issues, such as thermal runaway (Al-Hajj, et al., n.d.). For those
reasons, flow batteries could be a more suitable option for the MENA climate.
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Flow Batteries
Flow batteries are classified into redox flow batteries and hybrid flow batteries. Flow
batteries are favored for large-scale energy storage systems since they are longer-lasting
than lithium-ion and have potentially unlimited recharging ability. The technology was
originally developed by NASA in the early 70s for long-term space flights (IEC Market
Strategy Board, 2010).
Similar to Li-ion batteries, flow batteries are designed with multiple chemistries, including
vanadium redox, zinc-bromide and zinc-iron redox (Bhatnagar & Loose, 2012). Flow
batteries are different from conventional batteries because of cell construction, mainly due
to the fact that electrolyte material is stored in tanks external to the electrodes. During
discharge and charge, electrolyte is pumped from its container into the cell stack to interact
with the electrodes. Tanks of electrolyte and a membrane are used to control the flow of
electrons. These systems use pumps to control the flow of electrolyte.
Flow batteries have a number of distinct advantages, they include the ability to operate at
close to ambient temperatures, energy and capacity are decoupled and can be sized
separately, they offer cycle lifetimes of over 10,000 full cycles, they achieve deep
discharge rates without greatly impacting its total cycle life, and have good safety
characteristics, since the flow of electrolytes removes the heat from the cell so that thermal
runaway is prevented. Other than these benefits flow batteries can operate in higher
temperatures than lithium-ion batteries, which makes them a better option for the for the
MENA region climate.
The disadvantages, on the other hand, include a complex system architecture, which could
lead to a high cost for maintenance and a relatively low efficiency when compared to the
Li-ion battery. Additional characteristics of both batteries are shown in Table 2.
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Table 2 Summary of Li-ion and Flow Battery Characteristics- (NRECA, et al., 2018)
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Installation costs for flow batteries range from $315 to $1,680/kWh, and it is estimated that

costs could fall by two-thirds to $108 to $576/kWh by 2030 (NRECA, et al., 2018)
The range in predictions for battery storage price is substantial, there is much uncertainty
associated with the technology price and advancement. In the next chapter, an investment
appraisal methodology is introduced to deal with the uncertainties associated with the
adoption of battery storage, to understand if the investment made can offset the cost savings
achieved by using battery storage. The proposed flexible design approach uses a
probabilistic cost-benefit analysis using a discounted cash flow excel model to anticipate a
range of future circumstances to identify top-performing strategies.
This analysis is not only limited to electrical energy storage, and can be applied to any
large engineering project that has uncertainties, such as building pumped hydro storage and
desalination plants. Electrical energy storage was chosen due to the current significant
uncertainties associated with its adoption.
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CHAPTER 4 MAXIMIZING ENERGY STORAGE VALUE USING
FLEXIBILITY

Electrical Energy Storage is one of the most promising solutions to provide the necessary
flexibility to deal with the effects of intermittent renewable resources. However, there is a
considerable amount of uncertainties associated with the adoption of battery storage itself,
including the demand, technology advancements and price predictions over the next 20-30
years.

4.1

MODELLING BATTERY STORAGE FLEXIBILITY

This analysis evaluates the construction of battery storage plant capacity to tackle the
challenge of intermittency associated with renewable energy, with focus on using curtailed
renewable energy to be stored for future use. The analysis was completed by employing
flexibility strategies to increase the expected net present value for building the energy
storage plant capacity.
The optimal energy storage installed capacity at a specific year depends on a number of
factors including the price of electricity and actual demand growth for electricity
generation capacity.
Two system concepts over a 20 year period were evaluated in this report:
Concept 1 - Fixed large installation: entails the construction and operation of a small
30MW trial project in 2018 and another one large 600MW storage capacity in 2020 to
provide backup power.
Concept 2 - Flexible Strategy: Phased smaller alternative: to initially construct and
operate the 30MW storage capacity with the option to add capacity if specific conditions
are met.
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The analysis was completed using Monte Carlo simulation that included modelling
demand, prices and storage capacity. The following five analysis steps were used to
compare options and strategies:
1. Create a standard NPV valuation model
2. Calculate the NPV of a base case using static inputs
3. Calculate the NPV of a deterministic base case using dynamic inputs
4. Evaluate the flexibility by performing a sensitivity analysis of the model using NPV
analysis
5. Calculate the NPV of flexible cases using dynamic inputs using Monte Carlo
analysis

4.1.1 Problem Definition
The increase of variable renewable energy penetration is becoming a challenge for the
electrical grid management. Electrical storage systems are on the most suitable solutions
for increasing the flexibility and resilience of the gird. This analysis applies the flexibility
methodology to storage investment NPV analysis. This methodology takes in consideration
uncertainties, by assessing the value of an option based on current market conditions, but
also allows for a re-evaluation of the model when new information is available, hence
reevaluating the profitability of the investment when new information is available
The concept of flexibility was employed to maximize the projects net present value and to
minimize the downside risk that could be associated with this project's life cycle. The
analysis was completed by modelling the finances related to building, operating and
maintaining an energy storage plant over 20 years. The model used discounted cash flow
method in calculating the expected net present value.
The model inputs consisted of energy storage capital and technology cost, fuel costs, and
energy demand. The flexibility associated with this model was based on a combination
between the demand and storage technology price.
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Globally, energy storage has not yet been studied and evaluated over a large scale
application, and making a large commitment in the MENA region with limited resource
and technical capability could prove to be a risk that can be avoided with some basic
financial analysis.

4.1.2 Why Flexibility - Flaw of Averages
Flow of Averages refers to the concept that it is incorrect to evaluate a project based on
average conditions. This way of thinking returns inaccurate results most of the time, unless
&

in situations where the input has a linear relationship with the output (De Neufville
Scholtes, 2011).

The Flaw of Averages can cause significant losses for projects, mainly because when we
only focus on average conditions we miss the information available in extreme conditions,
hence we miss opportunities available when taking advantage of good conditions and
avoiding bad ones that can negatively affect the project. To avoid the Flaw of Average
project designers need to start focusing on the range of possible realistic scenarios to try
and achieve the best return on investment possible. This section uses that concept to
complete the analysis.

4.1.3 Description of Uncertainties
An analysis was completed to help with developing the flexible strategy. Five uncertainties
that were most likely to impact the success and performance of this project were evaluated
in more detail as shown below:
Technology improvement: Energy storage technology is still in it is infancy, more
progress is yet to come in terms of technology advancement. Based on current research the
energy storage technology that is set to change the energy dynamic on this planet is not yet
discovered, the model is based on the most adopted technology at the moment, which is
lithium ion.
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Price of fuel to produce electricity: Price of fuel was used in this model instead of
electricity, because electricity is heavily subsidized in the MENA region, and the cost of
creating energy from fossil fuel is more relevant to the analysis. Price also changes
chaotically due to new regulations "or distortion". Price is very uncertain which is making
it difficult for investors to run their return on investment models.
Price of storage: This is currently shown in the model as the price it takes to build a storage
plant. Based on the data available it costs 2-3 Million US dollars to build 1MW of storage
capacity. The current storage technology is halving in price every 5 years, and it is expected
to decrease at this exponential rate. A yearly 0.9 factor was included in the model to account
for the decline in battery technology price (New Energy Update, 2018).
Future installed capacity of RE: For this model the focus was storage capacity for
curtailed renewable energy. That curtailment happens mainly due to congestion of grid
lines. The main uncertainty here is how much solar power capacity is built, and what is the
growth in demand over the next 20 years?
Additional uncertainties include regulations changes and learning effect, with the learning
effect being a major component in this industry. Large scale storage is a new idea and has
not yet been practiced enough, which means we can expect a steep learning curve at the
beginning of this adoption. The business opportunity for large scale energy storage are
economically risky. It requires substantial initial investments that is subject to great market
uncertainties in the demand and price of technology. Initial forecasts will be inaccurate.
Designs could easily be too large and lose money, or too small and miss opportunities.

4.2

BASE AND FLEXIBLE DESIGN

A sensitivity analysis was completed to help select the uncertainties that were most
impactful to this project. The steps taken for this analysis were as follows:
a. Estimated the range of potential change in the uncertain factor.

62

b. Defined the sensitivity of the performance to changes in the uncertain
factors.
c. The results were stacked in the tornado diagram to identify the uncertainties
that most merit our attention.
4.2.1 Sensitivity Analysis Using Tornado Diagram
The three uncertainties below were selected as the most impactful to the model. The
potential change in the investigated variables was based on market data research.
1. Capacity of installed storage - this is limited to battery storage capacity to store
the renewable energy that would be wasted otherwise due to grid limitations.
Currently the installed capacity of Storage is set at 30MW in 2018 and one large
capacity at year 2020 of 600MW. Total storage capacity is limited by the 20% total
installed renewable capacity. That number can stay at 30MW without additional
capacity after year 1, or it could go up higher than the current strategy to 800MW
in 2020 of the capacity of storage limited by 5% of renewable for every year.
2. Price of storage - price includes the batteries and all associated equipment and
maintenance for the batteries to be operational over 20 years. Price of storage is set
at 2Million US dollars per 1MW. That price could go down as low as $750,000 if
storage technology price declines as shown in Figure 23. It could also go up due to
limitation of resources used to build batteries or regulation changes, but the increase
in price will be very limited since other technologies can replace the current
technology for a lower price. If resources becomes a challenge, price could go up
to 5 Million per MW of installed capacity.
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3. Price of fuel to produce electricity - The price of fuel was used here since a lot
of subsidies go into the final price of electricity in the MENA region, and fuel cost
represent the real cost associated with producing electricity. Price is currently set
at $2.5 Million/MW as shown in Figure 24. The analysis investigates the potential
of the price dropping as low as $2Million /MW based on previous data of crude oil

prices, and as high as $3Million/MW. The price could potentially go this high if a
C02 tax gets implemented due to the effects of the Paris agreement.

BatteryType

Flow Battery:

Utility-Scale
Flow Battery:
Distributed
Advanced Lead-Acid:
Utility-Scale
Advanced Lead-Acid:
Distributed
Lithium Ion: UtilityScale

Lithium Ion:

Installed Cost
($skW)

Est. Annual OM Avg. Round-Trip
Efficiency
Cost ($/kW)

Est. Annual Fuel
Savings (L/kW)

Est. Annual Fuel
Savings (s/kW)

2,300.2

31.1

70%

1,68o

1,831.2

2.874-4

34-5

70%

1.68o

1.831.2

2,903-5

66.2

80%

1,920

2,092.8

3,2845

66.8

80%

1.920

2.092-8

2,o62.0

47.3

90%

2.040

2.223.6

2,150.3

50.8

90%

2,040

2,223.6

Distributed

&

Figure 24 EstimatedFuelSavings and System Costs of Energy Storage Technologies - (Eller
Gauntlett, 2017)
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Sensitivity of model performance
The sensitivity analysis was completed by independently changing input variables and
producing a tornado diagram that summarizes the results as shown in Table 3.
Table 3 - Sensitivity Analysis Results - (Author)
Input
Variable

Base case

Resulting
NPV
(Million $)

Low Input

Resulting
NPV
(Million $)

30MW

-1,841

30MW only

88

Capacity
of
Storage

High Input

800MW in

Resulting
NPV
(Million $)

2020

-3,951

Million/M

-1,841

$750,000

3,262

$5 Million

-3,885

Price of
Fuel

2.5
Million/M

-1,841

$2
Million/MW

-2,833

$3
Million/MW

-848

$

Price of
storage

A dynamic model that represents the system model is built using Excel, and the
probabilistic sensitivity analysis using Monte Carlo simulation. This provides the range of
possible outcomes of the NVPs for us to analyze the impact of the chosen uncertainties.
Tornado Diagram
The resulting tornado diagram is shown in Figure 25. The center point for the Tornado
diagram was based on the base case model NPV value without any uncertainty. For the
base case, the NPV was -1,841$ Million. From this tornado diagram, it is clear that the
storage technology price has the highest sensitivity on the overall NPV of the project. This
makes sense, because the capital cost to build these project is high, and that is mainly due
to the high price of battery technology.
A tornado diagram shows a clear visual representation that highlights the effects of
changing different variables to the total project NPV. The analysis is performed under the
conditions of changing one variables at a time, which is not very realistic and does not
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represent a real life situation. However, it is a quick and clear way to identify which
uncertainties we should focus on during our flexibility analysis.
Sensitivity Analysis Tornado Chart
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3262

88

-351

Price of Fuel

-5000

-2933

-4000
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-1000

0

1000

2000

3000

4000

Figure 25 Tornado Diagram- (Author)

4.2.2 Incorporating Flexible Design
The analysis evaluated the following possible actions to help mitigate possible losses, and
try to take advantage of upside opportunities:

Possible Actions:
1.

Build in Phases: Phasing the project development; by building a smaller capacity
today instead of a larger one can give the system owners the flexibility to build
additional capacity when demand is known, and when prices of the storage
technology has gone down.

2. Start small and build larger as demand grows: the base model assumes a 30MW of
storage, with plans to build a 600MW capacity for a second phase, which will be
going big too fast when compared to the demand growth. A second phase of 600
MW might still be profitable, but it could potentially be more profitable if that
capacity was installed at a later date when energy storage prices go down.
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3. Keep storage capacity below maximum limit: for this project we are only
investigating the return on investment when creating storage capacity to store the
curtailed wasted energy, which results from the peak power produced by solar in
the afternoon. This wasted power was estimated by the industry at about 20% of
the total solar power available in a day. Any storage capacity installed beyond the
20% of renewable capacity can be considered a waste, since there will not be
enough free energy to be stored during peak hours to fill the capacity installed.
4. Install more renewable capacity: currently renewable capacity is set at 5% of total
demand. Going with more renewable and hence having larger amount of wasted
energy will increase the need for storage capacity. The prices of fuel and electricity
are expected to rise globally based on current predictions, and setting a stable price
for energy using renewables is a safer bet.
The Selected Decision rules: Build in Phases and take advantage of advanced technology
and lower storage prices. Start small and build larger as demand grows.
The model has an IF statement that takes both selected actions in consideration. Basically,
deciding to build more capacity of storage when demand limited by renewable capacity
allows for it, while limiting the growth until price hits a grid parity price, where storage
equals fossil fuel price or is lower. The data to focus on for this action is the reduction of
price of storage technology over the past 10 years, storage had a trend of halving in price
every 5 years, and that is expected to keep lowering exponentially. The advancement in
technology is harder to quantify, but a factor can be included to resemble the advancement
in the efficiency of storage technology.
Decision rule: "IF "observed demand in the current year is higher than installed capacity,
and "IF"battery capacity price is 10% favorable than fossil fuel price for that year," THEN
" Implement extra modular capacity in next year "ELSE "do nothing.
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4.3

RESULTS AND ANALYSIS

This section compares the results from the deterministic base model to the results from the
flexible model. For each option we show the histograms [Figures 28 and 29] and
cumulative distribution functions [Figures 32 and 33] resulting from the Monte Carlo
simulation. Excel Figures 26 and 30 represents a sample of the NPV calculation for both
concepts.
Multi-Dimensional Comparison of Performance
A multidimensional comparison was performed of the two concepts to better evaluate
which design gave the best results, the criteria's were:
1. ENPV - Average NPV result obtained from the distribution outcome
2. Minimum NPV - Lowest value of project NPV
3. Maximum NPV - Highest value of project NPV
4. Standard deviation - the spread of the NPV range from the mean NPV
5. P5 - value of NPV with 5% probability at the lowest end of the distribution
6. P95 - represents the upside potential of the project showing the NPV value with
95% probability
The Table below provides a comparison of these values for both concepts analyzed in this
project. All numbers are expressed in Millions US dollars.
Table 4 - Excel Model Results - (Author)

Base Case

Flexible Case

ENPV

-1,851

285

Standard Deviation
Average range (95%
confidence)
PS
P95

130
-1,857 to -1,845

38
298 to 301

-2,100
-1,600

220
320

68

Deterministic Base Case Model
A deterministic model was also created due to the uncertainly in demand projections. A
20% annual volatility in demand growth was applied to the model, and a slightly better
NPV was generated. However, the NPV was still negative due to the large capacity built
in 2020 with high capital cost of battery installations. The resultant NPV was -1,656$
Million as shown in Figure 26.
Projected demand in year 1
Additional demand by year 10
Annwual volatility of demand growth

200

600
20% points of growth projection
2.5 $ per MW
1 $per MW
2 $ per MW

Fuel cost
Capital cost
O&M and land lease cost

20 years
12.00%
%

Time horizon
Discount rate
200

200
0
50

50
50

50

30

575.

527.
560
412
411

11%
19%
238
30

575
50

560

10%
-6%
20730

575
50
560

512

515
511

474
5%
16%
524
630

495
4%
11%.
526
630

515

Ulm
14%

276
630

5689,

7%
24%

6%
19%

8%
13%

7%
20%

297

342

378

388

630
$742
50

630
5855
50

630
5945
50

5970

630
50

5394'
51,20

51,260

51,260

51,260

51,260

-5965

-5518

-5294

-5405
-5205

4315
-5143

-5290

-5613

4117

-51,656

368
6%
1%
350
630

389
6%
17%
430
630

411
6%.
-1%
385
630

432
5%.
5%430
630

51,076.

453
5%_
5%
453
630

51,310

5874

51,076

5962

50

50

50

50

50

51,260

51,260

51,260

51,260

51,260,

51,260

-5386
-5139

4184
-559

-5298
-86

-5184
447

4127
49-

510

51,133.

50"
550

516.
4%.
-3%.
479
630

537
4%
-1%
511

558
4%_
-6%.
507

579.
4%,
4%

600

630
51,268

581

630

630

51,454,

614
630

51,26

51,2601

51,3151

51,199

51,278

50

50-

50

51,280

51,260

555
510

-561

51,260
518

-510

53

Figure 26 NPV Model for DeterministicBase Case - Author

69

58
51

50

5194
522

4%
6%

51,536

so

51,260
5276

529

Deterministic Base Case Results

-$156 (must change if you hit F9]
j w 40 (maximum 49]
_

1) link to random cell
2) choose number of bin
-

Average
Standard deviati on
Averae between

and

with 95% confidence

Figure 27 DeterministicBase CaseAverage NPV - Author

Histogram

8.0%
5.0%-

0

4.0%

Cr3.0%*

2.0%

IL0

1.0%
1N."

14

N

N

Bin values
Figure 28 Histogramfor DeterministicBase Case with Demand Uncertainty- (Author)

100.0*
90.0%

60.07
-1
-

-100
-0 3
-

40.0%
700 -2,0
30.0%
20.0%
10.0%1
-2,500

-Z.OM

-1500

-1,000
Target

-500

0

value

Figure29 Cumulative DistributionFunctionfor Deterministic Case - (Author)

70

Flexible Case Model
The NPV analysis for the base case and the flexible scenarios share the overall structure.
The main difference was the addition of the expansion function using an IF AND
statements to add flexibility to the model. The resultant NPV was $285 Million.
Two flexibilities were employed in this model, namely the fuel price in comparison to the
battery technology price, and the need for storage based on the installed renewable energy
capacity, which was linked back to the demand of energy. Both flexibilities were used to
evaluate their combined effect on the model.
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Discussion of results
It is clear to see that the NPV for the flexible case did considerably better than the base
case. Based on the results shown in Table 4, the flexible case should be adopted as a
strategy for building storage capacity. We can see that the flexible case performed
significantly better than the base case.
The net present value is a simple measure to examine the total costs and revenues for a
project, while also accounting for the time value of money. If the NPV value is positive,
that means the investment is predicted to generate value to the investor greater than the
initial and ongoing cash expenditure associated with the ownership for the system. A
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negative NPV on the other hand means that the returns are worth less than the cash
outflows, and the investment does not show a financial benefit, although other benefits not
shown as part of this model may be present.
Many other scenarios and flexibilities can be analyzed using this model. It is important to
recognize uncertainty when running these models and when evaluating our abilities to
predict. Having flexibility will allow us to take advantage of upsides, and mitigate possible
losses.
The designer should have a game plan throughout this project. Steps need to be summarized
to help stakeholders keep track of progress, and understand the best procedures to
implement each flexibility. Adding storage capacity should not be implemented if prices
decline without having the need for the capacity to begin with, the only way to get a return
on investment for these projects is where there is a need for that stored energy.
Model Assumptions:
" Electricity capacity 20GW and will increase to 60GW over the next 20 years.
" Install 20% storage capacity for every 100% capacity of renewable and 5% of it is
total energy need coming from renewable energy.
*

Solar power price has halved over the past 5 years and the same is expected for
storage, currently storage cost 400$/ kWh and expected to go down to 200$/kWh,
and keep halving every 5 years.

*

Energy storage plant land lease terms last for 18-20 years and a Discount rate used
12% was used for the model.
Battery Technology used for this evaluation - Lithium ion with a cost of 1MW
storage = 3Million.
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CHAPTER 5 - CONCLUSION

This thesis presents an overview of the challenges associated with adopting renewable
energy on a large scale, and proposes potential solutions that are most suited for the needs
of the MENA region. These challenges can be viewed in terms of uncertainty and
complexity. The questions below were explored using a combination of excel modelling
tackling the uncertainty (Chapter 4), and system feedback analysis to help examine the
causal interactions (Chapters 2 and 3).
The following two questions were investigated in this thesis; How to minimize curtailment
risk and battery storage uncertainty associated with renewable energy adoption by using
desalination? And what strategy to adopt when building large scale storage capacity in the
presence of uncertainty?
After examining the situation in the MENA region, it was concluded that the renewable
energy strategy in the region should be viewed as an integrated solution between water and
energy. Water solutions, such as desalination and water pumping, should play a major role
in reducing curtailment risk, to help with the successful adoption of renewable energy,
while also reducing the negative effects of uncertainty associated with battery storage
adoption, given that less storage will need to be adopted if water solutions, such as
desalination, utilized the curtailed energy.
It was found that curtailed-energy-powered desalination could be a key variable for
continued growth, especially in the MENA region, where countries rely on desalination for
sustaining local communities and irrigation. Combining curtailed power generation, water
pumping and desalination can also be a cost effective solution. It was also shown that
adopting curtailed energy could lead to increased adoption in other storage technologies,
decreased water deficit, increase in the adoption of renewables and reduction in C02
emissions.
Moreover, it was found that Reverse Osmosis was the most beneficial desalination
technology to be coupled with curtailed power, due to its ability to produce water only
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when energy is available, and due to its energy efficiency, modularity, easy scalability and
lower energy consumption per cubic meter of fresh water.
In terms of the flexibility analysis, it was found that the value of the project increases
significantly when taking advantage of phased-design to build storage capacity, only when
conditions are favorable. The analysis was completed using Monte Carlo simulation that
included modelling demand, prices and storage capacity.
The flexible case has the advantage that it involves building storage capacity in phased
modular approach, which means the initial investment required is lower than what is
needed for the base case. The capital cost to build the modular capacity is lower, which
makes it easier to take on the risk associated, while also providing the flexibility to hold
off on building additional capacity if conditions are not optimal. As a result it is clearly
shown that a phased approach to the construction of the storage plant is the recommended
strategy, especially when there is demand uncertainty, and when the battery technology
price is at or lower than the cost of fossil fuel needed to produce electricity.

5.1

RECOMMENDATIONS

The opportunity to take advantage of curtailed energy is huge, especially in the MENA
region where storage has yet to be fully adopted. In order for the MENA to achieve its
sustainable energy goals, policy makers and procurers need to strongly consider the
intermittency and curtailment challenge of renewable energy supply, and look for viable
storage solutions to ensure long-term success.
Mitigating curtailment risk will be vital in helping the adoption of renewable technologies
in the region. Hence, renewable energy projects should be evaluated with a form of water
treatment pumping or desalination. Doing so will also help stabilize energy cost for water
treatment since it does not dependent on depleting resources.
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Desalination plants and water pumps can be run intermittently, which makes them suitable
options to use in combination with renewables. Peak production times for solar energy
aligns with peak demand periods for water pumping and treatment.
The right combination of curtailed energy and desalination technology can be the key to
match both power and water demand economically, efficiently and in an environmentally
friendly way. The flexibility in the operation of desalination plants, whose production can
be dialed up or down on command, could solve the intermittency issues of wind and solar,
by treating the water plant as a load that is able to match electricity provided by wind and
solar power when they are available. When the curtailed energy is available, run the
desalination plant; when it is not, turn down the desalination efforts. The power sector
typically turns supply from power plants up or down to match consumption, but with this
integrated desalination plant, the consumption can be dialed up or down to match the
supply of electricity. Also, the low marginal cost and cleanliness of wind and solar power
could solve the cost, energy requirements and carbon intensity of desalination.
Assessments of the global electricity storage market have been hindered by uncertainty
about which technologies and market segments to include. Flexibility analysis for a
strategy to build battery storage effectively in the presence of uncertainty is evaluated in
Chapter 4. It is clear to see that the NPV for the flexible case did considerably better than
the base case. The reason for the negative NPV in the inflexible option is that by building
a large capacity of storage today, large investment will be made today with the current high
energy storage prices. The advantage to employing a phased modular approach is that the
initial investment is lower to start the project. Modularity also means there will be no
wasted capacity built, since project designers can build capacity based on need, and when
the market conditions are more favorable.

5.2

LIMITATIONS

It is important to mention that many assumptions were made based on the research
completed for the flexibility analysis in Chapter 4. For example, it was predicted based on
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multiple resources that battery technology price will continue to decline over the next 20
years. A sensitivity analysis was performed to each assumption before adopting them in
the flexibility, but it is worth noting that the final results depend greatly on the quality of
the assumptions added to the model.
Another limitation to the analysis completed here is that a causal loop diagram does not
fully specify the structure of a system to permit determination of its behavior from the
visual representation alone. That is why a system dynamics model that includes stocks and
flows would be of a greater value as part of future work for this research. After reviewing
existing literature and power system models, it is clear that there is no available model that
captures detailed effects of using desalination as load sink for curtailed energy to reduce
risk associated with intermittency of renewable energy, along with a representation of
demand for battery storage resulting from reduction in technology price, and the resultant
adoption in the MENA region.
Desalination using curtailed energy concept is still in its infancy, and extensive research
needs to be completed to evaluate the economics. However, what is clear here is that
assessing the technical feasibility and cost effectiveness of curtailed-energy desalination
plants requires a more detailed analysis, including a variety of factors that are different for
each country, such as location, quality of feed-water input and fresh-water output, the
available renewable energy source, plant capacity and size, and the availability of grid
electricity.
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